Coral reefs are an indispensible worldwide resource, accounting for billions of dollars in cultural, economic, and ecological services. An understanding of coral reproduction is essential to determining the effects of environmental stressors on coral reef ecosystems and their persistence into the future. Here, we describe the presence of and changes in steroidal hormones along with associated steroidogenic and steroid removal enzymes during the reproductive cycle of the brooding, pan-Pacific, hermaphroditic coral, Pocillopora damicornis. Detectable levels of 17β-estradiol, estrone, progesterone and testosterone were consistently detected over two consecutive lunar reproductive cycles in coral tissue. Intra-colony variation in steroid hormone levels ranged between 1.5-and 2.2-fold and were not statistically different. Activities of the steroidogenic enzymes 3β-hydroxysteroid dehydrogenase and cytochrome P450 (CYP) 17 dehydrogenase were detectable and did not fluctuate over the reproductive cycle. Aromatase-like activity was detected during the lunar reproductive cycle with no significant fluctuations. Activities of regeneration enzymes did not fluctuate over the lunar cycle; however, activity of the clearance enzyme UDP-glucuronosyl transferases increased significantly (ANOVA, post hoc p b 0.01) during the two weeks before and after peak larval release (planulation), suggesting that the activity of this enzyme family may be linked to the reproductive state of the coral. Sulfotransferase enzymes could not be detected. Our findings provide the first data defining normal physiological and lunar/reproductive variability in steroidal enzymes in a coral species with respect to their potential role in coral reproduction.
Introduction
Coral reefs play an essential role in our biosphere; providing environmental, economic and cultural resources valued in the billions of dollars (Cesar et al., 2003) . A critical factor for the persistence of coral reefs is the ability of coral species to reproduce, that is, form new individuals from prior stock. Previous studies of coral reproduction have provided a wealth of information across numerous species describing precise timeframes for coral reproduction, reproductive strategies (spawning vs. brooding) and sexual mode (hermaphroditic vs. gonochoric) (Richmond and Hunter, 1990; Veron, 1995 Veron, , 2000 Twan et al., 2006) . Despite this array of classification and observational data, the molecular mechanisms of coral reproduction, particularly production, disposition, tissue distribution and clearance of molecules tied to reproduction, have received limited attention and remain largely unknown.
Steroid molecules are derived from the precursor cholesterol and serve a number of important physiological functions. The set of molecules collectively known as "steroid hormones," helps mediate physiological processes such as growth, development and reproduction (Gorski and Gannon, 1976; Evans, 1988; Porterfield and White, 2007) . Several steroid hormones identical to vertebrate sex hormones have been identified in members of the phylum Cnidaria. In the sea pansy, Renilla koellikeri, annual patterns of 17β-estradiol levels that coincided with the reproductive cycle were discovered (Pernet and Anctil, 2002) . Several steroid hormones including estrone, 17β-estradiol, progesterone, androstenedione and testosterone have been detected in both stony and soft corals (Slattery et al., 1997 (Slattery et al., , 1999 Tarrant et al., 1999 Tarrant et al., , 2003 Pernet and Anctil, 2002; Twan et al., 2003 Twan et al., , 2006 Blomquist et al., 2006; Armoza-Zvuloni et al., 2012) . Additionally, steroidogenic enzymes responsible for the production of steroid hormones, including 5α-reductase, 3β-hydroxysteroid dehydrogenase (3βHSD), 17β-hydroxysteroid dehydrogenase, aromatase and acyl transferase, have also been reported (Slattery et al., 1997; Tarrant et al., 2003; Twan et al., 2003) .
The current investigation was designed to measure steroid hormones and their precursors in the hermaphroditic brooding coral, Pocillopora damicornis. Additionally, the presence and activity of associated steroidogenic, steroid elimination and steroid regeneration enzymes were also investigated to address the potential molecular mechanisms associated with coral reproduction. The activities of the steroidogenic enzymes 3βHSD, cytochrome P450 17 dehydrogenase (CYP17), and aromatase as well as the clearance enzymes UDPglucuronosyl transferase (UGT) and sulfotransferase (SULT) and the regeneration enzymes β-glucuronidase and arylsulfatase C (ASC) have also been characterized. Moreover, a determination of natural fluctuations in these molecules was undertaken, in order to provide: (1) a description of baseline values (with error estimates), to improve the quality and effectiveness of "point-in-time" studies, since without estimates of baseline fluctuations it is difficult to determine the significance of changes at individual time points; and (2) determine if the reproductive cycles align with measured changes. The data presented herein represent the first detailed description of the changes of these characteristics in the coral species P. damicornis over its lunar reproductive cycle. Since steroidal enzymes can also be involved in xenobiotic metabolism, it is important to understand natural fluctuations in order to accurately apply proteomic techniques to studying the effects of exogenous stressors on coral and coral reef health.
Materials and methods

Coral collection
Whole colonies (~15 cm diameter; n = 5) of the coral P. damicornis were collected from the reef flat surrounding Coconut Island in Kaneohe Bay, Oahu under Special Activities Permit 2009-42, granted by the Hawaii Department of Land and Natural Resources, Division of Aquatic Resources. Corals were selected at random, cleaned of foreign organisms and placed in a quarantine tank for two weeks prior to introduction into flowing seawater tanks at the Kewalo Marine Laboratory. All water leaving the quarantine tank was filtered and sterilized using a SMART Ultraviolet Sterilizer Model 02025 (Emperor Aquatics Inc., Pottstown, PA, USA) prior to release. After quarantine, colonies were maintained in separate seawater tanks and allowed at least 31 days to recuperate from possible stress from collection and allowed to acclimatize to the Kewalo seawater system prior to tissue sampling. The Kewalo seawater system consists of an unfiltered open flow with an intake 300 m offshore at a depth of 10 m.
Experimental procedure
Individual colonies (n = 5) were repeatedly sampled for two months at selected time points during the reproductive lunar cycle, defined as from one full moon to the next, approximately 29 days (Richmond and Jokiel, 1984) . Sampling time points were taken at each lunar quarter, every seven to eight days, with P. damicornis planulation event occurring every 3rd quarter in the lunar cycle (Richmond and Jokiel, 1984; Kolinski and Cox, 2003) . Coral branches (~7 cm tall, 2.5 cm wide) were removed from the base of the colony where the skeleton was devoid of tissue in order to avoid further stress. Samples were placed in conical 50 mL polypropylene Falcon tubes, flash-frozen in liquid nitrogen and immediately placed at − 80°C until further processing.
To appropriately represent the reproductive cycle timing of P. damicornis, the data are reported as days from the start of sampling, with day 1 being the first day of sampling at the full moon. This time point also represents one week prior to planulation. The subsequent sampling time points represent the lunar quarters as follows: 3rd quarter moon (planulation event), new moon (one week after planulation event), 1st quarter moon (two weeks after planulation event), over the two-month sampling period.
Tissue preparation of whole cell lysates and postmitochondrial subcellular fractions
Coral tissue was removed from the skeleton using a Water Pik dental cleaner and 0.2 μm filtered seawater (FSW) (Johannes and Wiebe, 1970) . The resulting coral "blastate" was transferred to conical 50 mL polypropylene Falcon tubes and spun at 10,000 ×g for 10 min at 4°C in a Sorvall RC-5B Centrifuge using a fixed rotor (DuPont Instruments, San Pedro, CA) to pellet tissue and free-floating cells. The resulting pellets were resuspended and combined in 5 mL of cold homogenization buffer (FSW; 1 mM phenylmethylsulfonylfluoride) and homogenized on ice with an Ultra-Turrax homogenizer for 60 s. The homogenate was placed into a conical 15 mL polypropylene Falcon tube and centrifuged at 2,000 ×g for 5 min at 4°C in an Eppendorf Centrifuge 5810R (Eppendorf, Hauppauge, NY). The zooxanthellae pellet was discarded and the supernatant was transferred to a new 15 mL Falcon tube and spun again at 2,000 ×g for 3 min to remove any remaining zooxanthellae. The final supernatant, whole cell lysate (WCL), consisting primarily of coral tissue, was aliquoted and frozen at − 80°C until use. The postmitochondrial subcellular fraction of coral host protein, void of zooxanthellae, mitochondria, plasma membrane and nuclei, was obtained by processing the WCL using a glass homogenizer for 2 min (approx. 30 strokes) on ice. The resulting homogenate was centrifuging at 10,000 ×g for 20 min at 4°C in an Eppendorf Microcentrifuge 5415D (Eppendorf, Hauppauge, NY). After this final centrifugation, the supernatant represents the postmitochondrial tissue fraction of protein for coral, consisting of microsomes and cytosol.
Assays for steroid hormones
The measurement of cholesterol and steroid hormones was performed on coral tissue WCL. All WCLs were diluted to the desired protein concentration: 0.25 mg/mL for total cholesterol, 1 mg/mL for free cholesterol and 2 mg/mL for steroid hormone ELISA assays using the BCA method (Smith et al., 1985) . Total and free cholesterol were measured using biochemical assay kits as per the manufacturer's instructions (Cayman Chemical, Ann Arbor, MI, USA). The steroid hormones estrone, 17β-estradiol, testosterone and progesterone were measured by ELISA, also as per the manufacturer's instructions (ALPCO Immunoassays, Salem, NH, USA).
Spiking and recovery experiments were performed for progesterone and 17β-estradiol as representative ELISAs from the manufacturer to check for the recovery rates and applicability of coral WCL in these ELISA kits. Each sample was assessed in triplicate, spiked with pure steroid standard (manufacturer supplied) and recovery measured by comparison to the standard curve. The ELISA methodology above employs the use of antibodies specific to the chemical structure of interest, with less than 6% cross-reactivity to structurally related chemicals (with the exception of the progesterone ELISA which cross-reacts 100% with 11α-OH-progesterone). Since, by definition, no two chemicals can have the same structure, the antibodies raised to pure chemicals represent a highly specific method for detection with far more restricted cross-reactivity, usually only to chemical modifications of the same structure.
Kinetic enzyme assays
All steroidogenic assays were performed in 5 mL glass tubes, unless otherwise specified, and subsequently aliquoted in triplicate into 96-well clear microplates. For clearance and regeneration enzyme assays, the postmitochondrial tissue fraction of protein, assay buffer and substrate were loaded into wells on microplates that were kept on ice. Microplates were pre-warmed inside a microplate reader (Spectra Max or Gemini XS, Molecular Devices, Sunnyvale, CA) at 37°C before addition of the co-factors used to initiate the reaction.
Fluorescent assays were performed in solid black, flat-bottomed plates and colorimetric assays in clear plates. When necessary, substrates were dissolved in solvents (DMSO and methanol), which were never more than 2% of the reaction volume; hence, solvent carrier properties should not have affected enzyme activities (Williams et al., 2008) . Microplates were read using either a Spectra Max 340 Plus or Gemini XS (Molecular Devices, Sunnyvale, CA). Linearity studies were performed using pooled coral samples (n = 5) for each steroidogenic enzyme assay to determine linear time of reaction, optimal protein concentration and optimal substrate concentration. Individual enzyme activities were assessed as described (reported values indicate final concentrations). Assays employed substrates specific for the particular enzymes and isoforms in vertebrates.
3β-Hydroxysteroid dehydrogenase (3βHSD)
The 3βHSD enzyme is responsible for the catalysis of progestagens and androgens, including the conversion of pregnenolone to progesterone. The activity of 3βHSD was determined by measuring the conversion of pregnenolone to progesterone as previously described (Bauer and Bauer, 1989; Raunig et al., 2011) . ELISA and values were converted to ng/min/mg of protein using a standard curve of progesterone (manufacturer supplied).
Cytochrome P450 17 dehydrogenase (CYP17)
The conversion of the progesterone's 17α-hydroxy pregnenolone and 17α-hydroxy progesterone to the androgens dehydroepiandrosterone and androstenedione, respectively, which are precursors in the pathway of estrone production, is performed by CYP17. Activity of CYP17 was determined using a method adapted from Holtorff and Koch (Holtorff and Koch, 1940) . Briefly, the postmitochondrial tissue fraction of coral protein (20 μg) in 0.1 M Tris-HCl buffer pH 7.4, containing 50 mM MgCl 2 and 500 μM 17α hydroxypregnenolone was added to glass tubes on ice. Tubes were preincubated for 30 s at 37°C prior to reaction initiation through the addition of 1 mM NADPH. Tubes were then incubated at 37°C for 5 min. Reactions were terminated through the addition of an equal volume of 5 M KOH. An equal volume of 2% m-dinitrobenzene, in 95% ethanol, was added and the color allowed to develop for 2 min. This mixture was transferred to 1.5 mL microcentrifuge tubes and spun at 10,000×g for 3 min to pellet precipitate, in an Eppendorf MiniSpin centrifuge (Hauppauge, NY, USA). Absorbance was determined at λ = 520 nm in triplicate wells and results transformed to nmole/min/mg of protein using a standard curve of DHEA (0-1 mM).
Aromatase
Aromatase is responsible for the conversion of the androgens androstenedione and testosterone to the estrogens estrone and estradiol, respectively. Aromatase activity was determined by measuring the conversion of testosterone to 17β-estradiol as previously described (Lephart and Simpson, 1991) and used by us (Sugawara et al., 2012) . Detection of 17β-estradiol was determined through ELISA and results converted to fg/min/mg of protein using a standard curve of 17β-estradiol (manufacturer supplied).
UDP-glucuronosyl transferase (UGT)
UGT, a Phase II enzyme, conjugates glucuronic acid, a large polar group, to endogenous and xenobiotic compounds to produce more hydrophilic metabolites for excretion. Total UGT activity was determined using the method of Collier et al. (2000) as previously described (Rougee et al., in press) . Results were transformed to pmole/min/mg protein using a standard curve generated with 4-methylumbelliferone (4-MU).
Sulfotransferase (SULT)
SULT, another Phase II enzyme, conjugates the addition of a sulfonate moiety to facilitate the excretion of compounds. The activity of SULT1A1 was measured using the method of Frame et al. (2000) , while general SULT activity (including 1A1, 1A2, 1A3, 1B1, 1E1, 2A1 isoforms) was measured using the method by Tabrett and Coughtrie (2003) .
2.11. β-Glucuronidase β-Glucuronidase catalyzes the hydrolysis of β-D-glucuronic acid residues on molecules returning them to more lipophilic forms, and helping prolong their duration. Activity for this enzyme was determined using the method of Trubetskoy and Shaw (1999) as previously described (Rougee et al., in press ). Fluorescence was continuously monitored at 355 nm ex/460 nm em. Results were transformed to pmole/min/mg protein using a standard curve generated with 4-MU.
Arylsulfatase C (ASC)
Arylsulfatase C, also referred to as steroid sulfatase, is responsible for converting sulfated steroids to their free steroid form. The activity of ASC was determined using a modification of the method of Roy (1958) as previously described (Rougee et al., in press) . Results generated using a standard curve of para-nitrophenol.
Statistical analysis
Statistical analysis was performed using the GraphPad Prism Program version 5.02. Due to the small sample size, normality of the data was checked through the Kolmogorov-Smirnov test that employs a Dallal and Wilkinson approximation to the Lilliefors' method. Equality of variance of the samples was verified using Bartlett's test. A one-way analysis of variance (ANOVA) was used if the data were found to be normally distributed and homogeneous. Bonferroni's multiple comparison post hoc test was then used to compare differences between sample dates. However, if the data did not meet the requirements for normal distribution, the Kruskal-Wallis (KW) one-way ANOVA on ranks was performed to compensate, and Dunn's post hoc test was employed to compare differences between sample dates. If significant differences in variance based on the Bartlett's test were found, the data was logtransformed and a one-way ANOVA was performed. If the Bartlett's test on the transformed data was significant, the variances were considered unequal and a KW ANOVA was performed; otherwise, the one-way ANOVA was reported. If an ANOVA was performed, the p value of the original Bartlett's test was still reported and the variance described. Statistical significance was defined as p ≤ 0.05.
Results
Steroid hormone levels
No significant differences were detected between any time points for total or free cholesterol (Fig. 1) . The same trend was observed for all steroid hormones, with the exception of 17β-estradiol (Fig. 2) . Although the ANOVA was not significant (p = 0.0540), the post hoc test detected a significant difference (p b 0.05) between days 16 and 54 of sampling (one week and two weeks after planulation time points, respectively; Fig. 2A ). The average concentration range among the steroid hormones varied, with progesterone and estrone levels being 6-fold greater than those for 17β-estradiol (Table 1) . Values for day 16 (one week after planulation) were consistently on the higher end of the range, while for days 30 and 54 (one week before and two weeks after planulation, respectively) were on the lower end of the range.
Results measured with coral WCL samples for progesterone and 17β-estradiol indicated that recovery rates were greater than 100% (due to residual steroid levels in the samples) and consistent (Intra-day CV = 6% and 7%, respectively).
Steroidogenic enzymes
Activity of steroidogenic enzymes remained consistent during the coral reproductive cycle with no statistically significant differences observed. Activity of 3βHSD (Fig. 3A) ranged from 6.78 ± 3.13 (day 30) to 9.36 ± 2.4 (day 16) ng/min/mg protein, while CYP 17 (Fig. 3B) ranged from 125.0 ± 11.11 (day 30) to 160.7 ± 28.46 (day 23) nmole/min/mg protein. However, the variances for 3βHSD over the lunar cycle differed significantly (Bartlett's test; p = 0.0329 prior to data transformation). This spread of activity at particular time points may indicate alterations in the induction and regulation of the enzyme.
Aromatase activity was low, with several samples having nondetectable activity up to 951.3 ± 714.3 fg/min/mg protein (Fig. 3C) . No significant differences could be calculated for aromatase.
Steroid clearance and regeneration enzymes
The sulfotransferases were not detected in either assay attempted for any coral sample, although positive controls showed that the assays worked. Activity of UGT enzymes was significantly higher (ANOVA p b 0.0001; post hoc p b 0.05) at the two weeks after planulation time point for the first month of sampling (day 23) at 770.8 ± 470.9 pmole/min/mg protein (Fig. 4A) . However, despite a general trend of increased activity observed after planulation (1 and 2 weeks after planulation), no significant differences were recorded for the second month. Additionally, variance between time points differed significantly (Bartlett's p b 0.0001 prior to data transformation) suggesting that regulation of the UGT enzyme activity may be altered relative to the lunar reproductive cycle. Reverse clearance enzymes β-glucuronidase and ASC did not fluctuate significantly over the lunar cycle (Fig. 4C,D) . 
Discussion
Herein, we present evidence for the presence of the steroid hormones 17β-estradiol, estrone, progesterone, testosterone, as well as activity of steroidogenic enzymes 3βHSD, CYP17 and aromatase, in the brooding coral P. damicornis. Previous research efforts investigating the molecular mechanisms of coral reproduction have focused on coral species that reproduce through mass spawning events (Slattery et al., 1997 (Slattery et al., , 1999 Tarrant et al., 1999 Tarrant et al., , 2003 Blomquist et al., 2006; Twan et al., 2006; Armoza-Zvuloni et al., 2012) , with limited investigations conducted on brooding species (Gassman, 1992; Slattery et al., 1997; Tarrant et al., 1999 Tarrant et al., , 2003 . The unique physiology of P. damicornis, a hermaphroditic brooder that planulates every month of the year, makes this species an ideal model for studying the molecular mechanisms and responses of proteins involved in coral reproduction.
Our study detected no significant fluctuations (with minor exceptions) for steroid hormone precursors, steroid hormones or steroidogenic enzymes, over the corals' lunar reproductive cycle in P. damicornis. Assuming that steroid hormones play a role in coral reproductive physiology, these results align with previous observations of oocyte maturation in P. damicornis (Stoddart and Black, 1985) . Histological investigations have recorded the presence of multiple stages of maturing oocytes in addition to the developing planulae in P. damicornis (Stoddart and Black, 1985; Permata et al., 2000) . Thus, as each cohort of planulae is being prepared for release, the following two months' brood is developing. This contrasts with, for example, the human oocyte, where sex steroids peak and subside in a series of hormonal events to drive oocyte maturation and release in the follicular and luteal phases (Porterfield and White, 2007) . Therefore, for P. damicornis, sustained high levels of steroid hormones are probably necessary for continuous gametogenesis, embryo maturation and development, and could account for the lack of fluctuations in the levels of steroid hormones measured in this study. However, since the true role of steroid hormones in corals has not been elucidated, further investigations are needed to determine the significance of these findings.
One observation of particular interest is the fluctuation in clearance enzyme activity during the corals' lunar reproductive cycle. While no significant changes were observed for the regeneration enzymes β-glucuronidase or ASC, the clearance enzyme UGT fluctuated significantly over the lunar cycle, peaking two weeks post-planulation. The results from the current study over two consecutive lunar cycles, confirm previous findings in our laboratory, and suggest that the regulation of this enzyme is linked to the reproductive cycle of the coral (Rougee et al., in press) . The UGT superfamily is variously responsible for glucuronidation of toxicants (Bock and Schirmer, 1987; Jin et al., 1993; Orzechowski et al., 1994) as well as endogenous ligands and steroid hormones (Bélanger et al., 1998; Hum et al., 1999) . Regulation of this pathway can play a role in the predisposition to toxicity. Our results suggest that P. damicornis may be more susceptible and/or sensitive to toxicants, regulated through glucuronidation, if exposed at time points between planulation events when UGT activity is decreased. This brings attention to "point-in-time" studies. Since enzymes can serve multiple roles outside of detoxification, characterization of the natural fluctuations and baseline levels are paramount to understanding how environmental pollutants can disrupt the pathways at specific times during the coral life cycle. A comparison of the maximal enzyme activity rates between excretion and reverse cleavage shows that the system favors excretion through glucuronidation, while in the sulfation pathway, retention of compounds is favored. However, these statements are tempered by our inability to detect SULT enzymes in coral. Analysis of the Nematostella vectensis genome discovered that the SULT genes present were more closely related to the membrane-bound SULT enzymes involved in energy metabolism than to the cytosolic SULTs associated with detoxification reactions in vertebrates (Goldstone, 2008) . Additionally, the substrates employed (4-nitrophenol and 2-naphthol) in our investigation may not be recognized by coral SULTs. These characteristics, along with our use of a spectrophotometric method as opposed to mass spectrometry, likely explain our lack of detection of SULT enzymes in coral. Investigation of SULT at the individual isoform level is needed to elucidate the existence of sulfotransferase pathways in corals.
The timing and control of the molecular reproductive axes in corals still remain unclear. Steroids and their conjugated forms have been detected consistently within coral tissue and in surrounding seawater, with altered levels centered around reproductive events, suggesting the release of steroids into the surrounding water as a potential cue for spawning synchronicity (Slattery et al., 1997 (Slattery et al., , 1999 Tarrant et al., 1999 Tarrant et al., , 2003 Pernet and Anctil, 2002; Twan et al., 2003 Twan et al., , 2006 Blomquist et al., 2006; Armoza-Zvuloni et al., 2012) . Additionally, corals have been shown to uptake estrogens dissolved in seawater, resulting in a negative feedback on coral reproductive capacity and decreased skeletal growth rate (Tarrant et al., 2001 (Tarrant et al., , 2004 . However, while corals have the capacity to inter-convert steroid hormones (e.g. convert estradiol to estrone) and contain steroid hormones, to date, no evidence exists to suggest that corals produce steroid hormones de novo (Tarrant et al., 1999 (Tarrant et al., , 2003 Twan et al., 2006) . The contribution of the current study is that P. damicornis has the precursor to steroid hormones (cholesterol). Combining the evidence herein with evidence from other studies regarding enzymes responsible for the production and conversion of steroid hormones, it is suggested that corals have the necessary tools capable of synthesizing steroid hormones de novo within their tissues.
Although many examples of reduced coral reproductive capacity, reproductive failure, and continuous reef decline have been documented (Hughes and Tanner, 2000; Knowlton, 2001; Szmant, 2002) , definitive answers linking the cause to the effect are lacking. General observations have provided a wealth of descriptive information on coral reproduction. However, coral communication for synchronous reproduction and molecular pathways for production of gametes (sperm and egg) as well as the mechanisms for disrupting these natural events remain unknown. Therefore, understanding the magnitude and range of effects of "endocrine disruptors" cannot be advanced without a detailed understanding of molecular mechanisms for reproduction and signaling in these species, as well as changes in non-reproductive pathways that may fluctuate with the reproductive cycle. Here, we present the first step towards defining normal physiological and lunar/reproductive variability in a coral species. Further understanding of coral reproduction at the molecular level will be necessary to completely understand its disruption, which is of great concern for environmental and marine pollutants, and the persistence of coral reefs as a whole.
